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Coupled electron-nuclear dynamics has been studied, using the Ehrenfest method, for four conforma-
tions of the glycine molecule and a single conformation of Gly-Gly-NH-CH3. The initial electronic
wavepacket was a superposition of eigenstates corresponding to ionization from the σ lone pairs as-
sociated with the carbonyl oxygens and the amine nitrogen. For glycine, oscillating charge migration
(when the nuclei were frozen) was observed for the 4 conformers studied with periods ranging from
2 to 5 fs, depending on the energy gap between the lone pair cationic states. When coupled nuclear
motion was allowed (which was mainly NH2 partial inversion), the oscillations hardly changed. For
Gly-Gly-NH-CH3, charge migration between the carbonyl oxygens and the NH2 lone pair can be
observed with a period similar to glycine itself, also without interaction with nuclear motion. These
simulations suggest that charge migration between lone pairs can occur independently of the nuclear
motion. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879516]
INTRODUCTION
Excitation of a coherent superposition of electronic states
initiates electron dynamics in molecules, as the wavefunc-
tion no longer corresponds to a stationary state. Observ-
ing coupled electron-nuclear dynamics is a target of attosec-
ond spectroscopy.1 (For recent reviews see Lepine et al.,2, 3
Kling4 and Ivanov.5) Theoretical studies of pure electron
dynamics,6–16 where the nuclei were fixed and only the time
evolution of the electronic wavepacket was allowed, have
demonstrated oscillatory charge migration.
For coupled electron-nuclear dynamics, implemented us-
ing the Ehrenfest method, the nature of the classical nuclear
motion is determined by the gradient of the coherent superpo-
sition of electronic states (i.e., their relative phases and ampli-
tudes) rather than the gradient of a single Born-Oppenheimer
potential surface.17 When the gradient of the superposition
is significant, nuclear motion will be significant, and may,
in turn, influence the electronic dynamics. This is expected
to occur when the electronic ionization occurs from a bond-
ing orbital, as we have shown for benzene.18 In contrast,
when ionization occurs from non-bonding orbitals such as
lone pairs, we will show that one can simulate the oscillat-
ing, almost “pure” electron dynamics that takes place inde-
pendently of nuclear motion.
Cederbaum and co-workers11, 19 have studied the elec-
tron dynamics (for fixed nuclei) that occurs following ioniza-
tion from the bonding orbitals (mainly 14a′ and 11a′, where
the notation is the usual one occupying orbitals by sym-
metry block) of various conformers of glycine as shown in
Figure 1. They have also studied similar processes20 in the
bonding orbitals in Gly-Gly-NH-CH3. In the present work, we
shall examine these species, but focusing on ionization from
the non-bonding orbitals (lone pairs) and allowing the nuclei
to move.
Our aim is to study the electron dynamics of the lone
pairs and to document the extent to which this interacts with
nuclear motion. Our initial conditions are chosen in a spe-
cific way so that we can study a specific type of interac-
tion between the nuclear dynamics and the electron dynam-
ics. Our intention is not to reproduce or predict the results
of any particular experiment but rather to obtain physical in-
sights through such numerical experiments. Ionization from
non-bonding orbitals in photoelectron spectroscopy is known
to occur without significant coupling to nuclear motion. How-
ever, charge migration as a result has not yet been demon-
strated.
COMPUTATIONAL DETAILS
All computations were carried out with our algorithm18
for the Ehrenfest method, implemented in a development
version of the Gaussian program.21 As a mixed quantum-
classical dynamics method, it allows one to simulate non-
adiabatic dynamics at an affordable cost and avoiding the
diabatization problem of fully quantum mechanical simula-
tions. The equations for the nuclear dynamics were integrated
with the 5th order predictor-corrector integration scheme of
Schlegel.22 The gradient was computed by solving the CP-
MCSCF (coupled perturbed multi-configuration self consis-
tent field) equations. For glycine, the initial geometries for
our simulations were the three most abundant neutral con-
formations studied by Cederbaum,11, 19 together with an ad-
ditional conformation IIa (shown in Figure 1); all optimized
at the B3LYP/6-31G* level.
The electronic CI wavefunction was built from 4 active
orbitals (with 3 electrons), i.e., CAS (3,4) as shown in Fig-
ure S1 of the supplementary material.27 The starting orbitals
were constructed from Natural Bond Orbitals (NBOs),23, 24
which were in turn computed from the B3LYP orbitals of the
0021-9606/2014/140(20)/201102/5/$30.00 © 2014 AIP Publishing LLC140, 201102-1
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FIG. 1. Conformations of glycine (Gly) and Gly-Gly-NH-CH3 studied. For
Gly-Gly-NH-CH3 we shall refer to the carbonyl oxygen at the −NH-CH3
(left hand side) end of the molecule as O[1] and the one at the other end as
O[2] in subsequent discussion.
parent neutral species. To do this, the standard 6-31G* basis
set was augmented with a 3-1 contracted 3p orbital for the
N and O atoms (based on previous work25,18) to account for
non-dynamic electron correlation.
The computations on glycine were initiated with 1:1 mix-
ture of the D0 and D1 eigenstates of the cation. For Gly-Gly-
NH-CH3 the starting point was a 1:1 mixture of the D1 and
D2 states.
The behavior of the electronic wavefunction was fol-
lowed using the spin density computed from the difference
between the alpha and beta electron densities ρα − ρβ which
is subsequently partitioned onto atomic sites via the standard
Mulliken Population analysis.26 This approach yields qual-
itatively similar information to the hole density: the loca-
tion of the unpaired electron is related to the location of the
positive charge. The advantage of the spin density is that it
does not require the separate computation of a closed shell
reference.
RESULTS AND DISCUSSION
For Glycine the lowest energy cationic states (i.e., D0
and D1) that can be built from the singly occupied σ or-
bitals (i.e., symmetry a′) are the hole states corresponding
to ionization from the carbonyl oxygen lone pair and the
NH2 lone pair. In Figures S1a–S1d we show the NBOs24
obtained from the Kohn-Sham orbitals of neutral glycine.
NBOs have the property that they are localized in 2-centre
bonds (and anti-bonds), lone pairs, etc. These orbitals were
used to define the active space in the CASSCF (complete ac-
tive space multi-configuration self consistent field). Such lone
pair orbitals get delocalized in the SCF (self consistent field)
FIG. 2. Energy of an Ehrenfest dynamics simulation for Gly lIa (Figure 1) cation, started from a 1:1 mixture of D0 and D1 states. The step size was 0.01 amu1/2
bohr (approx. 0.1 fs). The total energy (red) is flat indicating energy conservation. The potential energy (blue) changes slowly, corresponding to partial NH2
inversion.
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FIG. 3. Spin density for Gly IIa with nuclei moving: Atom 1 (the N atom of the NH2 group), red; Atom 8 (O atom of the C = O group), green; Atom 9 (O
atom of the OH group), blue. Atom numbering is shown in the inset.
process and become the main components of the highest oc-
cupied MO (molecular orbital) of glycine (the 16a′ and 15a′
canonical orbitals). The situation is similar for Gly-Gly-NH-
CH3, except that there are two carbonyl oxygen lone pairs and
we initiate dynamics on D2 and D1.
In Figures 2 and 3 we illustrate the behavior of the en-
ergy and the spin density as a function of time for one of the
conformers of glycine, Gly IIa. The results for the remaining
conformers are very similar and are collected in the supple-
mentary material.27 It appears that the electronic dynamics is
similar for all conformational minima.
Figure 2 shows that the total energy is constant as a func-
tion of time, showing that energy is conserved and that the er-
ror buildup is small. The potential energy changes by at most
8 kcal mol−1 in 50 fs. Animation of the geometry along the
trajectory shows that this is mainly partial NH2 wagging in-
version (less than a 1/2 period) and C–OH stretch. Thus the
nuclear motion is driven mainly by the hole created on the N
lone pair.
Figure 3 shows the electron dynamics: oscillation of the
unpaired spin density between the oxygen σ lone pair and the
NH2 σ lone pair with a period of the order of 3 fs. The am-
plitude of the oscillation hardly changes with time, although
the period of the oscillations gets slightly shorter at longer
times. This can also be seen in Table I and Figure S6 of the
supplementary material27 when the nuclei are frozen.
The electron dynamics persists and is barely affected by
the nuclear dynamics for 40 fs, although it would probably
suffer from decoherence on this time-scale. Decoherence is
the tendency of the time-evolved electronic wavefunction to
behave as a statistical ensemble of electronic states rather than
a coherent superposition of them. In the Ehrenfest method the
total wavefunction is a single product of electronic and nu-
clear parts. Thus the electronic wavefunction does not have
the possibility to decohere: the populated electronic states
share the same nuclear wavepacket. Thus, the neglect of elec-
tronic decoherence could affect the persistence of the oscilla-
tory charge migration seen in Figure 3.
The period of the charge migration from the lone pair
of the carbonyl oxygen to the NH2 lone pair (measured from
the spin density) for all conformers studied is summarized in
Table I. The period varies between 2 fs and 5 fs between
the four conformers irrespective of whether nuclear motion
is allowed or not. The variation in the period reflects minor
TABLE I. Oscillation period (computed at ca. 5 fs) between NH2 σ lone
pair and C = O σ lone pair in glycine.
Gly I Gly II Gly IIa Gly III
τ /fs with moving nuclei 4.6 3.0 3.0a 2.1
τ /fs with frozen nuclei 4.8 2.7 3.4 2.2
NH2 σ lone pair and C = O
σ lone pair distance (between
the anchor atoms) (Å)
3.69 3.69 3.75 3.70
aFalls to 1.79 at 30 fs, see Figure 3.
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FIG. 4. Spin density for Gly-Gly-NH-CH3 with nuclei frozen: Atom 1 (the N atom of the NH2 group), red; Atom 7 (O[1] carbonyl oxygen as labeled in
Figure 1), green; Atom 14 (O[2] carbonyl oxygen as labeled in Figure 1), blue. Atom numbers are shown in the inset.
changes in the energy differences between the ionized states
as a function of conformation. As mentioned previously, an-
imation of the trajectories shows only minimal nuclear mo-
tion, which is not synchronous with the electronic oscillation.
In Table I we also give the distance between the carbonyl oxy-
gen and the NH2. It is always greater that 3 Å, so there is no
direct chemical interaction.
Finally we turn to the results for Gly-Gly-NH-CH3 where
the electron dynamics was started from a 1:1 mixture of states
D1 and D2 of the cation. In Figure 4 we show the charge mi-
gration with fixed nuclei. Here one can see the spin density
migrate, mainly from O[1] to O[2], but with some smaller
transfer to NH2 with a period of around 4 fs (see Table II).
The case with moving nuclei is given in Figure S9 of the sup-
plementary material: here again the nuclear motion does not
perturb significantly the electron dynamics.27
TABLE II. Oscillation period (computed at ca. 5 fs) between NH2 σ lone
pair and C = O σ lone pair for both O[1] and O[2] in Gly-Gly-NH-CH3.
O[1]–O[2]-NH2 1:1 mixture of D1 and D2
τ /fs with moving nuclei 4.5
τ /fs with frozen nuclei 4.2
CONCLUSIONS
Coupled electron-nuclear dynamics of labile lone pair
electrons has been studied (using the Ehrenfest method) for 4
conformations of the glycine molecule and a single conforma-
tion of Gly-Gly-NH-CH3. For glycine and Gly-Gly-NH-CH3
charge migration was observed for the 4 conformers studied,
with periods ranging from 2 to 5 fs. Differences in confor-
mation affect mainly the frequency of oscillation because of
small changes in the energy gap between the lone pair cationic
states. The central point here is that the nuclear motion does
not interact directly with the electronic charge migration be-
tween lone pairs; therefore, the electron dynamics persists
without appreciable perturbation induced by nuclear motion.
The direct experimental observation of the dynamics that
we present in this paper is challenging. However our compu-
tational strategy in our numerical simulation was to explore,
by constructing very specific initial conditions, a specific type
of interplay between electron dynamics and nuclear dynam-
ics that might occur on a timescale of a few femtoseconds.
It is clear that the coupled dynamics we see in these numer-
ical experiments will only be a component of the dynamics
observed experimentally. The results nevertheless provide in-
sights about what to expect on these timescales and may be a
guide to deconvoluting the experimental data.
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